Ornithine decarboxylase (ODC), which initiates the biosynthesis of the polyamines putrescine, spermidine, and spermine, is encoded by the spe-l gene of the fungus Neurospora crassa. This gene and its cDNA have been cloned and sequenced. The gene has a single 70-nucleotide intron in the coding sequence. The cDNA, comprising the entire coding region, recognizes a single 2.4-kb mRNA in Northern (RNA) blots. The mRNA transcript, defined by SI mapping, has an extremely long, 535-base leader without strong secondary-structure features or an upstream reading frame. The translational start of the protein is ambiguous: a Met-Val-Met sequence precedes the Pro known to be the N terminus of the ODC polypeptide. The polypeptide encoded by the N. crassa spe-l gene (484 amino acids) has 46% amino acid identity with that of Saccharomyces cerevisiae (466 amino acids) and 42% with that of mouse (461 amino acids). Alignment of the longer N. crassa sequence with S. cerevisiae and mouse sequences creates gaps in different sites in the S. cerevisiae and mouse sequences, suggesting that N. crassa ODC is closer to an ancestral form of the enzyme than that of either yeast or mouse ODC. N. crassa ODC, which turns over rapidly in vivo in the presence of polyamines, has two PEST sequences, found in most ODCs and other proteins with rapid turnover. In striking contrast to other eucaryotic organisms, the variation in the rate of ODC synthesis in response to polyamines in N. crassa is largely correlated with proportional changes in the abundance of ODC mRNA. Spermidine is the main effector of repression, while putrescine has a weaker effect. However, putrescine accumulation appears to increase the amount of active ODC that is made from a given amount of ODC mRNA, possibly by improving its translatability. Conversely, prolonged starvation for both putrescine and spermidine leads to the differentially impaired translation of ODC mRNA.
Ornithine decarboxylase (ODC) catalyzes the decarboxylation of ornithine to form putrescine, the first step in polyamine biosynthesis leading to spermidine and spermine formation (Fig. 1) . In most organisms, ODC is a dimer of 52,000-to 55,000-Da subunits, the activity of which is highly regulated in response to growth stimuli and to the polyamines themselves (31, 50, 62, 63) . The amplitude, the speed, and the unusual mechanisms of regulation of the enzyme suggest to many researchers that ODC and the polyamines have a special relationship to growth. Accordingly, many molecular studies of this enzyme in organisms ranging from bacteria to humans have appeared in the last few years (3, 5, 22, 28, 37) .
The most conspicuous features of ODC regulation in mammals in response to polyamines are the control of ODC synthesis without a change in ODC mRNA levels and the polyamine-induced increase in the turnover rate of the enzyme (31) . In the fungus Neurospora crassa, the regulatory responses of ODC at the level of enzyme protein are the same as in many mammalian systems (3, 16) . In this study, we describe the sequence of the cloned ODC gene of N. crassa, the nature of its unusual transcript, and a comparison of the deduced primary sequence of ODC with those of other organisms. We present evidence that the polyaminemediated control of ODC synthesis in N. crassa differs in its molecular basis from that in all other organisms studied so far.
(cDNA cloning and studies of regulation were drawn from 348 WILLIAMS ET AL. MOL. CELL. BIOW.
FIG. 1.
The polyamine pathway of N. crassa, showing intermediates, enzymes, and structural genes known to control polyamine biosynthetic enzymes. The aga mutation grows entirely normally unless arginine is added. Arginine feedback inhibits ornithine biosynthesis at an early step, and the arginase deficiency blocks ornithine formation from arginine. The strain, unable to synthesize ornithine after arginine addition, soon becomes polyamine deficient. Cyclohexylamine (CHA) partially inhibits spermidine synthase (SPD SYN; see text). Abbreviations: SPM SYN, spermine synthase; SAM-DC, S-adenosylmethionine decarboxylase.
strains. Strains carrying the mutations qa-2 and arom-9 were supplemented with 80 ,ug of each aromatic amino acid per ml and 2 ,g of p-aminobenzoic acid per ml. Inositol-requiring strains were grown with 50 jig of inositol per ml. Arginaseless strains, used to manipulate polyamine metabolism (13) , were starved for ornithine and polyamines by the addition of 1 mM arginine hydrochloride (14, 49) .
The Escherichia coli strains used were HB101, BB4+, DH1, JM101 (41) , and XL1-Blue (Stratagene), used for much of the subcloning of the original cDNA of N. crassa. They were grown in liquid or on solid Luria-Bertani medium (41) with antibiotic additions as needed for plasmid selection. Ampicillin, chloramphenicol, and tetracycline were added to final concentrations of 100 to 200, 10, and 12.5 ,ugIml, respectively.
Genetic techniques. Media and techniques for crossing N. crassa have been described previously (11) . Clones were mapped in the N. crassa genome with restriction fragment length polymorphisms between Oak Ridge and Mauriceville strains as described by Metzenberg et al. (44) .
Plasmids, libraries, and screening. The cosmid genomic library was that of Vollmer and Yanofsky (67) , made in the pSV5O vector, and represented 3,000 clones with 40-kb N. crassa genomic inserts maintained in HB101. The benomyl resistance gene, BmlR (45) was the selectable marker. The plasmid genomic library was that of Akins and Lambowitz (1) , made in the pRALl vector, and it represented ca. 18,000 N. crassa genomic inserts of about 9 kb. The selectable marker was the N. crassa qa-2+ gene. Both libraries were screened by sib selection for complementation of spe-J auxotrophic recipients. Colony blots of both libraries were also screened with labeled DNA probes as described by Maniatis et al. (41) . A (46) were made and kindly given to us by M. Sachs in strain XL1-Blue. One contained cDNAs of 6-h mycelial cultures and had at least 324,000 inserts. The other library contained cDNAs of germinating conidia and had at least 84,000 inserts. After being plated, the libraries were screened with antiserum to purified native or denatured ODC protein described previously (16) . Nonspecific antibodies were removed by cross-absorption of the antisera with a crude extract of a mutant strain carrying the spe-l nonsense mutation, LV10 (12) DNA isolation and manipulation. N. crassa genomic DNA was isolated by two methods. High-molecular-weight nuclear DNA was extracted from nuclei as described by Orbach et al. (45) . Genomic DNAs isolated from restriction fragment length polymorphism-mapped strains were isolated by using a moderate-scale DNA preparation protocol reported by Schechtman (59) , except that DNA was extracted from acetone powders rather than from frozen powders of mycelia.
Plasmid and cosmid DNAs were isolated by the alkaline lysis method of Birnboim and Doly (4). Small-scale DNA preparations were treated with RNase A (200 ,ug/ml) at 37°C for 30 min and then extracted with phenol-chloroformisoamyl alcohol (25:24:1). Large-scale isolation of DNA by the alkaline lysis method was followed by further purification on CsCl-ethidium bromide gradients as described by Maniatis et al. (41) . Bacteriophage lambda DNA was isolated from liquid lysates of host E. coli (8) .
The use of restriction endonucleases and other enzymes in molecular manipulations was performed according to the manufacturers' directions. DNA restriction fragments were isolated from agarose gel slices by using Gene Clean (BIO 101, Inc.) according to the manufacturer's protocol. Gel electrophoresis, nucleic acid blotting techniques, hybridization of DNA and RNA, and autoradiography were done by standard methods (41, 57) . Labeling DNA for probes was done by the random-primer method of Feinberg and Vogelstein (18, 19) (49) , was hybridized to 320 ng of unlabeled SacI-ClaI fragment (0.8 kb) and treated with S1 nuclease. Protected fragments were analyzed by electrophoresis on neutral and alkaline agarose gels, blotted on nylon membrane, and probed with the labeled SacI-ClaI fragment. Fine-scale transcript mapping of mRNA of strain IC3, grown on both minimal and arginine-containing media, was performed by hybridizing mRNA to a 560-bp SacI-Stul fragment, radiolabeled at the StuI end of the noncoding strand (10) . Protected fragments were analyzed on strand-separating 6% acrylamide gels by using two sequencing ladders initiated with different oligonqcleotide primers of known positions (73 to 108 and 173 to 202 in the sequence described in Results). Both ladders gave the same result. Regulation of the spe-J transcript was measured by probing blots of total RNA, extracted from acetone powders taken at different times during steady-state growth, and separated by electrophoresis, by using labeled ODC cDNA insert of plasmid pCS1 and the 3-tubulin DNA sequence of plasmid p,T6 (41) . The latter was used uniformly as an internal standard in tests of polyamine-mediated regulation of ODC in vegetative growth. Autoradiographs were quantified with a video densitometer (Bio-Rad model 620), kindly provided by Ben Murray. To control for differences in the specific activities of probes, transfer efficiency, and autoradiography, pairs of mRNA preparations were compared on the same blot, doubly probed with ODC and tubulin probes, and autoradiographed simultaneously. Differences between pairs of preparations (see Table 3 ) were determined as the ratio of the fold difference in density between ODC mRNA (2.4 kb) and tubulin mRNA (1.8 kb) bands on individual blots. In reconstruction experiments, the relative ratios of ODC and ,B-tubulin mRNAs remained constant with the amount of RNA loaded and the autoradiographic exposure time within the ranges of the experiments. Standard deviations of the ratios (n = 4 to 8) were based on the variation seen among different samples of the same culture, different cultures of the same pair of strains, and different blots.
Protein sequencing. Pure ODC, derived from strain 1C3 derepressed for ODC by polyamine deprivation (16) , was denatured, and the peptide of normal molecular weight was repurified on sodium dodecyl sulfate-polyacrylamide gels. The preparation, stored at -70°C for several years, yielded the 53-kDa band and several bands of lower mobilities. The full-length ODC polypeptide (53 kDa) was electroeluted from the appropriate gel slice, and the sequence of the 20 N-terminal amino acids was determined in the laboratory of R. A. Bradshaw, Department of Biological Chemistry, University of California, Irvine.
Assays and metabolite determinations. ODC activity was assayed on duplicate permeabilized samples drawn from exponential cultures (13) . Duplicate 100-,il samples were denatured in 1 M NaQH for 36 h at room temperature, and the protein content was determined by the method of Lowry et al. (40) . A unit of ODC activity is defined as 1 nmol of product per h at 37°C. Polyamine pool determinations were made by high-performance liquid chromatography of dansylated extracts of samples by methods described previously (13) .
Nucleotide sequence accession numbers. The nucleotide sequences reported in this paper have been entered in the GenBank database and assigned accession no. M68969 (cDNA) and M68970 (genomic DNA). A positive clone was used to map the corresponding genomic sequence with restriction fragment length polymorphisms in 18 recombinant strains designed for such determinations (44) (Fig. 3) . Probing the parents of the strains with the cDNA revealed a polymorphism for Ifincll restriction fragments. Probing of the recombinants was carried out in parallel for the presumed spe-l sequence and for the am gene (in plasmid pJR2), linked tightly (ca. 1 cM) on linkage group V to spe-1. The presumed spe-J sequence mapped with two differences from the previously mapped, linked inl gene, because of recombination in the cross yielding the strains, and with no differences from the am sequence. The nucleotide sequence and the genetic data strongly suggested that the insert in plasmid pCS1 represented the spe-l gene. 
RESULTS

Isolation
N V N P T V V S D R M G T I D F I GATTATACAAACAATCATGTCTTTTCAAAG TGTCAAACCGACAGCTTGAACACCGTCAAC AATGGCTCCTTGAAGCACGATGATTACCTC CACGGCCTTGCCAACGGCAAGTTGGTCGCC 706 D Y T N N H V F S K C Q T D S L N T V NN G S L K H D D Y L H G L A N G K L V A AAACAAATGATTGGTGATGCCCTCCGCCAG CGTGTGGAGAGCATCGACTCCGAGTTCTGC GAGCCCGGCGATGAGGACACATTCTTTGTC GCTGACCTCGGCGAGGTCTACCGCCAGCAC 826 K Qa I G D A L R Q R V E S I D S E F C E P G D E D T F F V A D L G E V Y R ON CTCCGCTGGAAGCTGAACCTTCCTCGCGTC AAGCCGTTCTATGgtgagttatcccaatta ctatgcgcttcgtatcgaggattcagtttg ctgacttggatgtttgtcatcagCCGTCAA 946 L R W K L N L P R V K P F Y Ai intron start intron end' V K GTGCCATCCCGACGAAAGGCTCTTGCAGCT CCTGGCCGCTCTCGGTACCGGCTTCGACTG TGCCTCCAAGGCCGAGATCGAGCAAGTCCT CCGCATGGGCGTCGACCCCTCCCGCATTAT 1066 C N P D E R L L Q L L A A L G T G F D C A S K A E I E Q V L R N G V D P S R I I CTATGCACAGCCGTGCAAGACCAATTCCTA CTTGCGCTATGTCGCCCAGCAGGGCGTGCG CCAGATGACCTTCGATAATGCCGACGAGCT GCGCAAGATTGCGCGCCTGTATCCCGACGC 1186 Y A Q P C K T N S Y L R Y V A Q Q G V R QN T F D N A D E L R K I A R L Y P D A CGAGCTTTTCCTCCGCATCCTTACCGACGA TTCTTCGTCCCTTTGCCGTTTCAGCATGAA GTTCGGCGCTTCCCTCGACTCGACTGATGG TCTCTTGGGCCTTGCCCGCCAGCTGGGCCT 1306 E L F L R I L T D D S S S L C R F S M K F G A S L D S T D G L L G L A R Q L G L CAACGTGGTTGGCGTCAGCTTCCACGTTGG CTCGGGCGCCTCCGATCCTACTGCTTTCTT GAAGGCTGTTCAGGACGCTCATGTCGTCTT CCAGCAGGCCGCTGCTTATGGTTACAGCCT 1426 N V V G V S F H V G S G A S D P T A F L K A V Q D A H V V F Q Q 0 A A Y G Y S L GAAGACCCTCGACGTTGGTGGAGGTTTCTG CAGCGACGATTCTTTCGAACAGATGGCTAA CGTCTTGCGTGCTGCCCTCGATGAGTACTT CCCGGCCCATACCGGTGTCAACCTTATCGC 1546 K T L D V G G G F C S D D S F E Q M A N V L R A A L D E Y F P A H T G V N L I A TGAGCCCGGTCGCTACTACGCTTCCTCGGC ATTCACCCTTGCCTGCAACATCATTGCTCG CCGCACTATCCAGGACGGCTCTGCTGTCTC GGTCTCCGATTCCTCTTCTATGAGCGACGA 1666 E P G R Y Y A S S A F T L A C N I I A R R T I Q D G S A V S V S D S S S M S D D TGGATCGGTGAACAACGGCGATGCTAGATA TATGGTCTACGTCAACGATGGTCTGTACGG AAACTTCAGCAGCATCATGTTCGATCATCA GCACCCTGTGGCCAAGATCCTCCGTGCTGG 1786 G S V N N G D A R Y M V Y V N D G L Y G N F S S I N F D H Q H P V A K I L R A G CGGCCGCACCATGTACAACTCTGTTGCTGC CCACGAGTCTTCTGCGGAGGACGCCATTGA GTATAGCATCTGGGGTCCTACTTGCGACGG CATTGATCGCATCACCGAGAGCATCCGCTT 1906
G R T N Y N S V A A H E S S A E D A I E Y S I W G P T C D G I D R I T E S I R F
CCGCGAGATTCTTGATGTTGGCGACTGGCT GTACTTCGAGGACATGGGTGCCTACACCAA GTGTTCGGCCACCACCTTCAACGGCTTCTC TAACGAGCATGATGTCATCTACGTCTGCAG 2026
CGAGCCTGGTGCTATGGCGCTCTTGGGATT GTAAGGTGCACGTGCAGCTTTGTACTTGGG AGAGTTGAGACCAGTTTGAGGCTTCTTGGA CAGGGGGAGATGTGTGCTGTTATTTCGTGA 2146 (Fig. 1) . The 5' end of the leader, therefore, is 535, 534, and 533 nucleotides, respectively, upstream of the first ATG of the transcribed region. Lanes: 1 through 4, sequencing lanes of the standard (A, T, G, and C, respectively); S and 6, 30-and 60-mmn Si exonuclease treatment, respectively, of the SacI-Stul genomic fragment, in the presence of poly(A) mRNA from the aga strain grown in the presence of arginine (derepressed).
of the same region annealed with mRNA from polyaminestarved cultures revealed fragments differing from one another by one or two nucleotides after Si digestion (Fig. 5) (Fig. 4) . Both (GGGATATGG and TGGTTATGC for the first and second methionine codons, respectively) have relatively rare contexts for translation initiation according to the work of Kozak (39) and Cavener and Ray (7). In the latter compilation, the -321 combinations of GAT and GTT have frequencies among nonvertebrates of 1.7 and 0.6%, compared with more common combinations ranging from 3 to 15%. Both ATGs have extremely unusual base contexts compared with those of 52 translational starts in N. crassa compiled by M. Sachs (Table 1) . Because the proline following the second methionine is the N terminus of the mature protein, as determined by direct sequencing, we cannot be certain whether the start of translation or posttranslational processing determines the site of the N terminus. The question is further complicated by the fact that the N-terminal amino acids were determined on a pure ODC polypeptide prepara- 
" From reference 39. tion, which may not have retained its original N-terminal amino acids during purification and storage. While no AUG codons lie upstream of the first one mentioned above, three upstream open reading frames beginning with CUG, the most efficient non-AUG sequence for initiating protein synthesis in some mammalian systems (43a), lie at 48 to 188 (47 amino acids), 178 to 363 (62 amino acids), and 236 to 292 (19 amino acids). Only the first open reading frame is further qualified by having purines at the -3 and +4 positions in relation to the possible CUG start. The actual significance of these sequences cannot be judged presently.
A 70-bp intron interrupts the coding sequence of the genomic clone at base 870 after the start of transcription. The intron lies within codon 112 of the 484-codon coding sequence. The intron was identified by comparison of genomic and cDNA sequences and has the consensus internal borders (5'-GT and 3'-AG) and an acceptable lariat sequence (TGCTGACT, starting at base 915), characteristic of N. crassa genes (30) .
The deduced amino acid sequence of the coding region is shown below the nucleotide sequence in Fig. 4 . The translation product, starting with the first methionine encoded at positions 536 to 538, has 484 amino acids and a molecular mass of 53,335 Da. Measured from the N-terminal proline (codon 4), the molecular mass is 52,973, equal to the direct estimate of the subunit molecular mass, 53 kDa (16). The codon usage is less biased than genes for abundant proteins such as am (glutamate dehydrogenase) and tub (,-tubulin), and includes 52 of the 64 codons. Codon usage of spe-J resembles those of the his-3 and pyr4 genes, which encode enzymes of amino acid and pyrimidine synthesis, respectively. Although ODC is normally a minor component (0.002%) of the proteins of N. crassa (16) , it is rapidly turned over (3) and is therefore more rapidly translated than many comparably rare proteins. In addition, derepression of ODC synthetic rates (excluding the variation in turnover) is at least 10-fold (3; results below). Thus, it is not surprising that it displays the codon usage of medium-abundance proteins. 
GGGF-----QFESFKESTAVLRLALEEFFPVGCGVDIIAEPGRYFVATAFTLASHVIAKR---KLSENEA ----------------MNIYTND 351 Sc
*** * ** ** ** ******* ***** ** *** Mouse Acidic amino acids outnumber basic amino acids, in keeping with the isoelectric point of the enzyme, pH 5.3 to 5.5 (16) . There are 10 cysteines, consistent with the high sulfhydril requirement of the enzyme in vitro (16) . The primary structure has no conspicuous hydrophobic features (data not shown).
GVYGSFNCILYDHAH-VKALLQKRPKPDEKY-------------------YSSSIWGPTCDGLDRIV-ERCNLPE-MHVGDWILFENMGAYTVM 393 Mm N. crassa GLYGNFSSINFDHQHPVAKI LRAGGRTMY----NSVAAHESSAEDAIEY----SIUGPTCDGIDRIT-ESIRFREI LDVGDWLYFEDMGAYTKCS
The 3' end of the cDNA has a poly(A) tract, following by about 20 bases the consensus AATAAAA poly(A) addition signal. The 3' HindIII site of the genomic clone lies about 550 bp after the poly(A) addition site. Because only one mRNA species is detected in vivo by Northern blotting, there appears to be only one transcriptional termination site in the N. crassa spe-J gene, in contrast to the two sites in the same gene in mammals, about 0.3 kb apart (33) .
The deduced N. crassa ODC amino acid sequence demonstrates clear homologies to the S. cerevisiae (22) and mouse (29) ODC sequences. As aligned in Fig. 6 , the three sequences share 144 identical amino acids (about 30%), scattered throughout. S. cerevisiae and N. crassa ODCs share about 46% identical amino acids, similar to other proteins of these two species (38) . The mouse ODC sequence shares more identical residues with N. crassa ODC (42%) than with S. cerevisiae ODC (37%).
Substantial gaps of about 19 residues appear in alignments of the S. cerevisiae ODC sequence (466 amino acids) and mouse ODC sequence (461 amino acids) with that of N. crassa (484 amino acids). The gaps in the mouse (after residue 350) and S. cerevisiae (after residue 345) sequences lie at different positions as determined by alignment with the N. crassa sequence; between these positions (365 to 399 of N. crassa ODC), the three sequences have clear similarities. The seven gaps in the N. crassa sequence required for alignment to the others are short (four of one amino acid, one of three amino acids, and two of four amino acids) (Fig. 6) .
The two fungal ODCs have N-terminal extensions when aligned with mouse ODC and lack a C-terminal domain found in mouse ODC. The long C-terminal extension of the mouse sequence imparts a high turnover rate to the enzyme in vivo (26, 27) . A strong PEST sequence (having high levels of proline, glutamate, aspartate, threonine, and serine), characteristic of proteins with short half-lives (54), lies in this region (Fig. 6) . Although N. crassa ODC lacks the C a Cultures: aga, strain IC3; spe-2, strain IC2568-15. Media: Vogel's minimal medium (MIN) or medium to which 1 mM spermidine (SPD), 10 mM cyclohexylamine (CHA; a spermidine synthase inhibitor), or 1 mM arginine (ARG), which blocks all polyamine synthesis, was added before inoculation.
terminus corresponding to that of mouse ODC, a potential PEST sequence, with a score of 1.88, is found in residues 405 to 427 of the N. crassa sequence, much of which is missing in the mouse (Fig. 6) . A less conspicuous PEST sequence (N. crassa score, 0.68) lies at similar positions of both fungal sequences, 68 to 95 of N. crassa and 73 to 96 of S. cerevisiae.
Control of ODC activity. Cultures of aga and of spe-2 strains were grown in steady-state conditions that imposed different rates of polyamine synthesis (Table 2) . Because most polyamines are bound to cellular anions (15, 48) , impairment of the rate of polyamine synthesis immediately lowers the free polyamine levels to a far greater extent than the extractable cellular polyamine content suggests. The diminished levels of free polyamine provoke a substantial rise in ODC activity (13, 49) (Table 2 ). The increased ODC activity has two components, (i) an increase in the rate of synthesis of the protein in the absence of spermidine and (ii) the 10-fold stabilization of enzyme in the absence of both putrescine and spermidine (3). Starvation for both polyamines was imposed by the addition of arginine to cultures of the aga strain, because arginine feedback inhibits ornithine synthesis but cannot serve as an alternate source of ornithine in this strain ( Fig. 1) (14) . The small amount of polyamine in such cultures of the aga strain ( Table 2) actually consists of the putrescine analog cadaverine (1,5-diaminopentane, made by the highly derepressed ODC from lysine) and the derived spermidine analog, aminopropylcadaverine. Growth continues indefinitely at one-half the normal rate in such cultures.
In the present experiments, added spermidine repressed ODC activity twofold. Cultures in which spermidine synthesis was partially blocked by cyclohexylamine or fully blocked by the spe-2 mutation led to 6-to 15-fold increases, respectively, of ODC activity over the control culture of aga on minimal medium. In all cultures in which the spermidine pool alone was manipulated (the first five entries of Table 2 ), variations in activity were due to variations of the rate of enzyme synthesis; maximal turnover (half-life, 55 min) is assured by normal or high concentrations of free spermidine or putrescine. In the steady-state culture of the aga strain grown in arginine, enzyme stabilization (half-life, t1,2 540 min) leads to a greater activity, although synthesis is only fivefold the normal rate (3) . The relationship of ODC activity to polyamine pools ( Table 2 . b Quotient of the first strain of the set divided by the second strain.
Value derived from the ratio of specific activities of the two cultures, corrected for the 10-fold stabilization of the enzyme in the aga culture grown in arginine (Barnett et al. [31) . changes in the two parameters ( Table 3 ). The rates of ODC synthesis were derived by correcting activity measurements for ODC stabilization in cultures (the aga strain grown with arginine) deprived of both polyamines. The ratios of mRNA and the ratios of enzyme synthetic rates were normalized to cultures of the aga strain grown in minimal medium (Table  4) . A Northern blot comparing the ODC mRNA levels in these cultures is shown in Fig. 7 .
The relative abundance of ODC mRNA varied by about 20-fold, being lowest in aga and spe-2 strains grown with spermidine (0.5) and highest in the aga strain under prolonged and extreme deprivation of both putrescine and spermidine (9.8) ( Table 4) . Intermediate relative levels of mRNA were found in conditions of partial or complete starvation for spermidine, with putrescine accumulating to different degrees. These were the aga strain grown with 10 mM CHA (relative mRNA abundance of 2.3) and the spe-2 strain grown in minimal medium (4.5), respectively. The data demonstrate that spermidine starvation led to the derepression of ODC mRNA abundance. This effect was mitigated by putrescine accumulation, suggesting that putrescine was a weak repressor.
Further evidence for the role of putrescine in repression was obtained by monitoring, to high densities, argininecontaining cultures of the aga strain, and of the spe-2 strain growing in minimal medium. Both cultures were unable to make spermidine; the second accumulated more and more putrescine in the period studied (data not shown). As the growth rates of the cultures declined, the ODC mRNA content of the aga strain rose slowly and that of the spe-2 culture declined. The latter culture eventually had fivefoldless ODC mRNA (relative to 1-tubulin). Thus putrescine appeared to oppose the accumulation of ODC mRNA brought about by spermidine deprivation.
Enzyme synthesis and mRNA abundance: excess spermidine and short-term polyamine starvation. Repression of ODC mRNA abundance by added spermidine was accompanied by a proportional decrease in the rate of ODC synthesis (Table 4) . In order to eliminate the secondary effects of long-term starvation, which will be discussed below, a short-term transition experiment in which arginine was added to a control culture of the aga strain growing in minimal medium was performed ( Fig. 8 ; Table 4 ). As polyamine depletion due to the exhaustion of ornithine began, ODC mRNA increased 3.6-fold (Fig. 8) , and the rate of ODC synthesis increased about 5.4-fold by the time it reached the level of steady-state cultures (a 54-fold increase of activity, corrected for a 10-fold increase in stability). The experiment conforms to our previous direct determination of a four-to fivefold increase in the incorporation of [35S]methionine into the ODC protein immediately upon starvation for polyamines (3). The roughly proportional relationship of ODC mRNA to the rate of enzyme synthesis in the spermidinerich and the polyamine-deprived cultures of the aga strain reveals little posttranscriptional effect of polyamine excess or deprivation in the short term. As data for other cultures in Table 4 show, however, this conclusion is circumscribed, and we explore a wider range of conditions below.
Posttranscriptional effects of putrescine and spermidine. Spermidine starvation and putrescine accumulation interact in the long term to modify the relationship between ODC mRNA abundance and enzyme synthesis. The aga strain grown in the presence of 10 mM cyclohexylamine and the spe-2 strain grown in minimal medium were partially or completely starved for spermidine, but both accumulated large amounts of putrescine (Table 2) . In these cultures, the elevated enzyme synthetic rates were 2.7-and 3.3-fold higher than the elevation in mRNA levels (Table 4) . This suggested that putrescine, even though it repressed the abundance of ODC mRNA, actually improved the translatability of the mRNA or the realization of active enzyme, compared with the cultures of the aga strain briefly starved by the addition of arginine ( Fig. 8 ; Table 4 ).
The range of the posttranscriptional effects of both polyamines was further revealed in cultures of the aga strain after prolonged growth in the presence of arginine, resulting in extreme starvation for both putrescine and spermidine. Unlike short-term cultures of this kind (Fig. 8) , the ODC synthetic rate for a given amount of ODC mRNA is 43% that of the control and only 18% of the rate measured in the spe-2 strain growing in minimal medium, which accumulates large amounts of putrescine (Table 3 ). The data suggest that polyamines have a differential positive effect in N. crassa over other mRNAs on the translation of ODC mRNA or the survival of nascent ODC polypeptide and that putrescine can substitute in this process for spermidine. The findings are radically different from those in other organisms, where the polyamines have a profound negative effect on the accumulation of ODC protein at a given level of ODC mRNA.
We previously found that cultures of the aga strain grown (i) for a brief time after the addition of arginine, (ii) at steady-state with arginine, or (iii) at steady-state with cyclohexylamine were all about four-to fivefold greater than the control in their ODC enzyme synthetic rates (3) . This is consistent with the observations in Table 4 , which show that ODC synthetic rates increased 4.2-, 5.4-, and 6.3-fold, respectively, in these cultures. Our results as a whole show that the similarity of these results is due to a complex interplay of three major factors: the repression of mRNA abundance, to different degrees, by spermidine and putrescine, the posttranscriptional enhancement of ODC synthesis caused by excess putrescine, and the posttranscriptional impairment of ODC synthesis or accumulation caused by starvation for both polyamines.
DISCUSSION
Structure of the ODC gene and mRNA. We have determined the sequence of a 3.2-kb SacI-HindIIl genomic fragment of N. crassa DNA that includes the coding region of the ODC gene. In parallel, we have sequenced a corresponding 1.8-kb cDNA encoding the entire protein. The sequence maps genetically to the previously described spe-l gene on linkage group V (17) . A comparison of the cDNA and genomic sequences reveals one intron in the coding region; no other introns were found upstream of the coding region of the mRNA in the Si endonuclease protection experiment. By way of comparison, mammalian ODC genes have 11 introns, some quite large (5, 37) ; that of S. cerevisiae has none. Transcriptional mapping revealed three mRNA species differing by starts at three consecutive nucleotides, 535, 534, and 533 bases from the first methionine codon. A poly(A) addition signal precedes the poly(A) tail of the cDNA, and there is no evidence of heterogeneous 3' ends of the mRNA.
The long, 535-base, untranslated le4der preceding the first methionine has no upstream open reading frame, neglecting for the moment the two methionines separated by a valine at the beginning of the deduced amino acid sequence. The mRNA leader has no obvious strong secondary structure. In N. crassa, long leaders have been found mainly in mRNAs of regulatory genes: qa-iS and qa-lF (407 and 328 nucleotides, respectively [25] ), nit-2 (284 nucleotides [23] ), and cpc-J (720 nucleotides [47] ). All might be expected to encode relatively low-abundance proteins, although the regulatory cys-3 gene, ostensibly in the same category, has a leader of only 30 nucleotides (24) . A long leader per se may have evolved under selective pressure to reduce gene expression (for instance, by diminishing the probability that scanning ribosomes reach the coding sequence) more than transcriptional mechanisms alone would allow. The same pressure for muted expression may have led to the evolution of the poor context for whichever of the two methionine codons initiate the coding sequence. The leader will be discussed further below in connection with ODC regulation in mammals and S. cerevisiae.
ODC protein. The amino terminus of N. crassa ODC must be established with more certainty. The enzyme preparation used for N-terminal analysis yielded proline, corresponding to the fourth codon of the deduced coding sequence, as the first amino acid. If proline is confirmed as the N terminus, the first two codons (Met-Val) would be a subtle hint of an open reading frame in the spe-J leader, whatever its significance. The question of the true translational start is not resolved by looking at patterns of N-terminal processing in other organisms. Processing of nascent proteins usually calls for removal of the N-terminal methionine if the second amino acid is either valine or proline (2, 64) .
The primary sequence of N. crassa ODC has clear homology to the S. cerevisiae and mouse sequences described by others (22, 29) . The dissimilarity of S. cerevisiae and N. crassa sequences (almost as great as between mouse and N. crassa) supports the view that S. cerevisiae is taxonomically distant from other ascomycetes, as has been observed by others (38, 60) . The different lengths of the three ODCs can be assigned in part to two short, internal, ca. 19-residue gaps, at different positions in the S. cerevisiae and mouse sequences. Of the three, N. crassa probably has the most primitive ODC, because all regions in the area of and between the gaps are homologous to at least one of the other sequences.
With the exception of trypanosomes (27) , the ODC of eucaryotes turns over rapidly in vivo (31) . In detailed studies with the mouse enzyme in vitro, turnover is effected by a nonlysosomal, nonubiquitin, ATP-requiring mechanism (55) . In most organisms, as in N. crassa, polyamines induce or accelerate turnover. The rapid turnover of the enzyme explains to a great extent the speed with which enzyme activity responds to growth stimuli and to the polyamines. The presence of one or more PEST sequences (54) in ODCs of mammals is correlated with the rapid turnover of ODC. Further evidence that this sequence might impart high turnover is the finding that the loss of part or all of the last 37 amino acids of mouse ODC, containing the PEST region, stabilizes the enzyme (although the issue of polyamineinduced turnover was not addressed [56] ) and that the homologous region is missing in the trypanosome ODC (26) .
In fact, a chimqeric protein consisting of the trypanosome sequence attached to the C terminus of the mouse protein is unstable (26) . The correlation with the PEST sequence is not perfect; removal of the C-terminal five amino acids of the mouse protein (not overlapping the PEST sequence) stabilizes it (26) . If the PEST sequence behaves as a protease target, its use may be conditional upon both nearby sequences and the polyamines.
In N. crassa, ODC is relatively stable in vitro, even in the presence of polyamines (16) , and it has a half-life of about 9 h in vivo in polyamine-depleted cells (3) . The presence of either free putrescine or free spermidine in cells induces a turnover with a half-life of 55 min (3). The two potential PEST sequences in the N. crassa ODC may endow the protein with a high turnover rate that is conditional on the presence of polyamines. We have found two mutants altered in the polyamine-mediated turnover of their catalytically inactive ODC protein. One is constitutively stable, and one is constitutively labile. Determination of the sequence alterations in these mutants may lead to an unbiased test of the PEST hypothesis, and, with in vitro mutagenesis, to a more refined view of the sequences relevant to turnover.
Regulqtion of gene expression. In all organisms studied to date, the regulation of ODC synthesis in response to polyamine depletion is generally not accompanied by changes in mRNA abundance, and all ODC mRNAs have a conspicuously long leader. Many have assumed that the leader has a role in the translational control of ODC synthesis. However, in S. cerevisiae, engineered genes have shown that the ca.
200-nucleotide, AT-rich leader (without obvious secondary structure or an open reading frame) had no regulatory role in response to polyamine starvation. Instead, S. cerevisiae appears to control ODC posttranslationally, possibly by the t6rnover of subunits before the assembly of the active dimer (20) . The leaders of most mammalian ODC mRNAs (250 to 320 nucleotides) have strong secondary structure and an open reading frame (5, 68) . The secondary structure near the 5' end of the mRNA impedes translation (42, 66) , and some researchers have found evidence of a role for the leader (in some cases in combination with the 3' end of the mRNA) in polyamine-mediated translational control (28, 32, 35, 36, 51) . This idea has been challenged by the finding that proper regulation of mouse ODC requires only the coding region of ODC mRNA (65) and that control of ODC appears to be exerted, as in S. cerevisiae at a posttranslational step (65) . The resolution of this controversy requires more refined study, with attention to possible variation among mammals and experimental systems. N. crassa is strikingly different from all organisms studied so far in that polyamine-mediated cotitrol of ODC synthesis in N. crassa is closely related to changes in mRNA abundance. The relationship of the ODC synthetic rate to mRNA abundance is proportional when spermidine is in excess and when cells are briefly starved of both putrescine and spermidine. Putrescine accumulation somewhat diminishes mRNA abundance in spermidine-starved cells, presumably because it serves as an analog for spermidine. It is likely that the effects on mRNA abundance are transcriptional; transformants lacking the PstI-SacI segment of the nontranscribed region of the spe-l gene are unable to derepress the rate of ODC synthesis (53) . Therefore, while N. crassa has the longest ODC mRNA leader known to date, its significance, if any, must be sought in aspects of ODC gene expression other than negative translational control mediated by polyamines.
The observations that, at a given level of ODC mRNA, putrescine enhances ODC synthesis and starvation for both polyamines greatly diminishes it may represent trivial differential effects upon the translation of the ODC mRNA. (In both cases, the use of specific activities implicitly shows effects on ODC to be differential ones.) It is well known that polyamines are required for optimal rates of protein synthesis (43) , and this is part of the reason that polyamine starvation impairs growth. We have observed a serious impairment of general polysome formation (69) upon starvation for spermidine, which is in keeping with the findings of other workers (34) . It is, therefore, possible that ODC mRNA is slightly more affected by starvation than other mRNAs because of its unusual precoding sequence. Conversely, the positive effect of high levels of putrescine may reflect the same factors working in the other direction. This would be consistent with a recent report that putrescine, at high levels, stimulates translation rates in vitro more than do spermidine or spermine (61) .
The simplest overall view of ODC regulation in N. crassa is that both polyamines repress transcription of the gene and both differentially facilitate translation of ODC mRNA. Future work will test this view, in particular, whether turnover of mRNA and nascent protein subunits also contribute to net mRNA accumulation and new enzyme synthesis, respectively.
